The contribution of leptin-induced modulation of dopamine neurons to feeding behavior and energy homeostasis remains unclear. Midbrain dopamine neurons regulate the reward value of food, and direct leptin administration to the midbrain reduces food intake. However, selective deletion of leptin receptors (Leprs) from dopamine neurons has no effect on body weight, food intake, or hedonic responses, suggesting that leptin acts indirectly or demonstrating that sufficient compensation occurs to mask any direct leptin-dopamine effects. To further explore the role of direct Lepr-dopamine neuron signaling in the control of feeding behavior and energy homeostasis, we generated mice in which Leprs were expressed exclusively in dopamine transporter (DAT)-expressing neurons (Lepr DAT ). We then assessed weekly body weight, daily food intake, hyperphagic feeding, and leptin-induced suppression of feeding in the Lepr DAT mice compared with their Leprdeficient (Lepr NULL ) and wild-type control (Lepr CON ) littermates. We also used metabolic cages to characterize running wheel activity, home-cage activity, and total energy expenditure. As expected, Lepr NULL mice exhibited increased body weight and food intake compared with Lepr CON mice.
F eeding motivation is crucial for an animal's survival, and neural circuits that promote appetite and the drive to seek and consume food have therefore evolved to safeguard against starvation. However, as evidenced by the prevailing obesity epidemic, maladaptive feeding behavior can develop such that an individual's food intake is no longer in balance with his or her energy needs. To identify, and ultimately target, the underlying causes of this maladaptive feeding behavior, we need to enhance our understanding of the neurobiological mechanisms involved in the control of energy homeostasis. Although both hypothalamic and extrahypothalamic brain circuits are known to be involved (1) , the interplay between hedonic and hunger-driven feeding responses remains incompletely understood.
Peripherally secreted metabolic hormones are important components of this complex circuitry because they convey information about both acute and chronic nutritional status from the body to the brain and are thus important feedback modulators of energy intake and expenditure. The adipocyte-derived hormone leptin is perhaps the most potent modulator of energy homeostasis, with a well-characterized role in suppressing appetite and promoting energy expenditure. Accordingly, leptin-or leptin receptor (Lepr)-deficient individuals are hyperphagic and obese (2, 3) . Although Lepr expression is also observed outside the brain, central Lepr signaling has been identified as the key site of leptin's body weight-regulating actions (4, 5) , and within the brain, the hypothalamus has long been regarded as the critical site for leptin's appetite-suppressing effects (6) . More recently, however, leptin has gained recognition as a modulator of extrahypothalamic neural circuits governing motivation and reward (7) (8) (9) . More specifically, leptin actions via the mesolimbic dopamine (DA) "reward system" have been shown to influence the motivational drive to seek and consume food (10) .
However, the precise mechanisms whereby leptin modulates this reward system and its contribution to leptin's overall effects on feeding behavior are not fully characterized. Leptin administration directly into the midbrain ventral tegmental area (VTA), where DA neurons reside, led to a reduction in food intake (10) . This effect may be due to direct leptin-induced suppression of DA neurons and a subsequent reduction in the reward value of food (11) (12) (13) . Consistent with this hypothesis, VTA DA neurons have been shown to express Lepr mRNA and protein (10, 14) , and peripheral leptin administration was shown to decrease the firing rate of VTA DA neurons by ;40% in anesthetized rats (10) . Together, these data suggest that leptin acts directly on DA neurons to suppress food intake. However, the selective deletion of Lepr from DA neurons does not impair body weight regulation or hedonic feeding responses in mice (15) . One explanation for this may be that leptin indirectly modulates the dopaminergic reward system to influence feeding behavior, perhaps via VTA g-aminobutyric acid neurons (13) . Alternatively, it remains a possibility that sufficient compensation occurred in the DA-specific Lepr knockout mice to mask any direct actions of leptin-DA signaling in the control of feeding behavior, which has been a major caveat of gene deletion studies for determining the roles of hormones. A different approach to assessing the functional contribution of leptin-DA signaling to leptin's overall effects on feeding behavior and energy homeostasis is to exclusively express Lepr on DA neurons in mice otherwise Leprdeficient (e.g., 16). Therefore, to test the functional sufficiency of direct leptin-DA signaling in the control of feeding behavior and energy homeostasis in mice, we tested whether DA-restricted leptin signaling is sufficient to ameliorate the hyperphagia and obesity phenotype of Lepr-deficient mice.
Materials and Methods

Animal care
Male and female C57BL/6J wild-type and gene-targeted mice were obtained from the University of Otago animal breeding facility. Mice were housed under reversed lighting conditions (lights off from 7:00 AM to 7:00 PM) and controlled temperature (22 6 1°C) for the duration of the experiment. Mice were group-housed and had free access to standard rodent chow (6.2% fat and 44% carbohydrate, of which ,1% was sucrose; 3.1 kcal/g) (Teklad Global 18% Protein Rodent Diet) and water unless otherwise specified. The University of Otago Animal Ethics Committee approved all animal protocols. 
Generation of dopamine-restricted Lepr-expressing mice
Leptin treatment and perfusions
For intracerebroventricular (i.c.v.) leptin injections, a cohort of Lepr CON , Lepr NULL , and Lepr DAT mice were held without food overnight for 16 hours to reduce endogenous circulating leptin levels and were then anesthetized using 2% isoflurane gas and placed in a stereotaxic frame (Kopf). Injections containing either 500 ng recombinant leptin (National Hormone and Peptide Program) in 1.0 mL vehicle (0.1 M phosphate-buffered saline) (n = 3 per group) or vehicle alone (n = 2 per group) were administered using a 2-mL Hamilton syringe and the following coordinates relative to Bregma: A/P 0.0 mm, M/L +1.0 mm, D/V 22.3 mm relative to the dura. Each injection was administered over 60 seconds, and a further 60 seconds was allowed before the syringe was removed. Mice were then removed from anesthesia and treated with carprofen (5 mg/kg, subcutaneously). Finally, 90 minutes after i.c.v. injection, mice were anesthetized with sodium pentobarbital (240 mg/kg, intraperitoneally) and transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate-buffered saline (pH 7.4). Brains were dissected out and postfixed in paraformaldehyde for 2 hours and then transferred to 30% sucrose solution overnight. Three series of coronal (30-mm thick) sections were then cut throughout the forebrain and midbrain of each animal on a sliding microtome and stored in cryoprotectant at 220°C.
Immunohistochemistry
To verify the dopamine-specific re-expression of Lepr in the Lepr DAT mice, dual-label immunohistochemistry (IHC) for phosphorylated signal transducer and activator of transcription (pSTAT3) and tyrosine hydroxylase (TH) was performed to identify leptin-responsive cells and DA neurons, respectively. TH is the rate-limiting enzyme in the production of DA and the catecholamines and is therefore commonly used to identify DA neurons. IHC was performed sequentially on free-floating brain tissue sections from the i.c.v. leptin-and vehicle-treated mice described previously, and all IHC steps were separated by three washes in 0.05 M Tris-buffered saline (TBS). To label leptininduced pSTAT3, an antigen retrieval step was performed (15 minutes; 1 mM EDTA, pH 8.0, at 90°C), and then the brain tissue sections were incubated for 30 minutes in 1% hydrogen peroxide. Next, sections were transferred to blocking solution (2% normal goat serum in TBS with 0.5% Triton X-100 and 1% bovine serum albumin) for 60 minutes. Tissue sections were then incubated in polyclonal rabbit anti-pSTAT3 [1:3000; Cell Signaling; catalog no. 9145; Research Resource Identifier (RRID): AB_2491009] at 4°C for 24 hours followed by a 2-hour incubation in biotinylated goat anti-rabbit (1:1000) (Vector Laboratories). Sections were then incubated in Vectastain Elite ABC reagent (Vector Laboratories) in TBS for 60 minutes at room temperature. Tissues were then developed with nickelenhanced DAB, generating a purple pSTAT3 label. To label TH, sections were incubated in polyclonal rabbit anti-TH (1:5000; Merck Millipore; catalog no. AB152; RRID: AB_390204) at 4°C for 48 hours followed by incubation in horseradish peroxidase-conjugated goat anti-rabbit (1:1000; DAKO) for 2 hours at room temperature. Finally, tissues were developed with (unenhanced) DAB, generating a light brown TH label. Sections were mounted on gelatin-coated glass slides and cover-slipped with DPX mounting media (Sigma-Aldrich), and staining was examined under an Olympus AX70 Provis light microscope. To quantify the percent colocalization of pSTAT3 with TH, images were taken at the level of the arcuate nucleus (ARC) (21.7 to 21.95 mm relative to Bregma) and the VTA (23.2 to 23.7 mm relative to Bregma) at 310 and 320 magnification, respectively. The total number of pSTAT3-positive cells was determined separately for each brain hemisphere in at least three sections per region per animal. The number of pSTAT3-positive cells coexpressing TH was then determined. For a pSTAT3-labeled cell to be considered TH positive, a clear brown stain surrounding the pSTAT3 labeling had to be observed. The number of pSTAT3 + TH colabeled cells was then expressed as a percentage of the total number of pSTAT3-positive cells. To quantify the percentage of TH-positive neurons coexpressing pSTAT3, the number of pSTAT3 + TH stained cells was expressed as a percentage of the total number of TH-positive cell bodies. Cells were considered to be TH positive only when a cell body could be clearly identified.
Body weight, food intake, and energy expenditure
Postweaning body weights were recorded weekly in grouphoused male and female mice (n = 10 to 13 mice per group). Cohorts of male and female mice from each group (aged 6 to 8 weeks) were individually housed in Promethion metabolic cages (Sable Systems International) for 6 to 7 days, and daily standard chow food intake, running wheel activity, X+Y beam breaks, total movement (coarse and fine movements), active ambulation (coarse movements only, defined as $1 cm traveled continuously), respiratory exchange ratio (RER), and energy expenditure [oxygen consumption (VO 2 )] were assessed. To minimize the effects of body weight on the parameters assessed, the Lepr NULL and Lepr DAT mice (n = 5 per group) were weightmatched. Lepr CON mice (n = 6) were age-matched with Lepr NULL and Lepr DAT mice. For each parameter assessed, data from each animal were averaged across a 24-hour period, and then the daily mean values were averaged across the 7-day experiment to generate a single 24-hour mean value per animal. For 24-hour profiles of running wheel activity and VO 2 , 2-day hourly averages were calculated for each animal, and then mean hourly values were generated for each group.
Leptin-induced suppression of feeding
Daily food intake was measured for 7 days in individually housed adult male mice (aged 12 to 14 weeks; n = 9 to 11 per group) to establish a baseline "fed state" daily food intake. Mice were then food deprived at 5:00 PM, and at 5:30 AM they were weighed and given an intraperitoneal injection of leptin (5 mg/kg) or vehicle. Ninety minutes later, at lights off (7:00 AM), mice were given preweighed standard chow food pellets, and food intake was measured at 1, 4, and 24 h. Body weight was also recorded at the 24-hour time point. One week later, the experiment was repeated and the mice that were previously treated with leptin received vehicle and vice versa, enabling each animal to serve as its own control.
Hyperphagic feeding
Individually housed male mice (aged 12 to 14 weeks; n = 8 to 12 per group) were given 1 hour of restricted access to premeasured amounts of palatable high-fat, high-sugar (HFHS) chow (24% protein, 24% fat, 41% carbohydrate of which 50% was sucrose, 4.73 kcal/g) (D12451; Research Diets, Inc.) for three consecutive days. Access was given toward the end of the dark phase (4:00 PM to 5:00 PM) when the mice were presumed to have consumed the majority of their daily intake. To prevent neophobia, mice were given a small pellet (,0.5 g) of the HFHS food 2 days before experimentation. Daily intake of HFHS chow during the 1-hour restricted period was measured and averaged across the experiment to yield a single mean value for each animal. Another cohort of male mice (aged 12 to 14 weeks; n = 5 to 7 per group) was tested for response to unrestricted access to the palatable HFHS diet. In place of standard chow, these mice were given ad libitum access to HFHS chow for 7 days. Their daily consumption of the HFHS chow was measured and then averaged for days 1 and 2, days 3 to 5, and days 6 and 7.
Statistical analyses
Results are presented as mean 6 standard error of the mean (SEM), and a value of P , 0.05 was considered significant. Statistical analyses were performed by using repeated measures two-way ANOVA to compare changes over time between groups. If a significant main effect or interaction was found, Tukey multiple comparisons post hoc testing was used to identify the time points at which significant differences occurred. Single time-point comparisons were analyzed using ordinary ANOVA and Tukey multiple comparisons post hoc testing, and within-subject comparisons were analyzed using paired Student t test. GraphPad Prism Software 7.0 (La Jolla, CA) was used for all analyses.
Results
Characterization of leptin signaling in TH neurons
We used IHC to co-label pSTAT3 and TH in leptinand vehicle-treated mice to identify leptin-responsive cells and DA neurons, respectively. Lepr CON mice exhibited a robust leptin-induced pSTAT3 response in both the ARC of the hypothalamus and the VTA [ Fig. 1(a from Fulton et al. (13) , who demonstrated that only 40% of VTA pSTAT3 immunoreactivity colocalized with TH staining in mice. Furthermore, because we observed leptin-induced pSTAT3 labeling in TH-negative cells in the Lepr DAT mice, it appears that 1) not all DAT-Cre expression was restricted to TH-expressing cells, and/ or 2) we were unable to identify all TH-positive cells using immunohistochemistry. In contrast to the VTA, fewer than 2% of the pSTAT3-stained cells in the ARC were co-labeled with TH, with the number of colocalized TH + pSTAT3 neurons representing less than 5% of the ARC TH population. This suggests ARC TH neurons are not directly modulated by leptin via pSTAT3 signaling.
Body weight and daily food intake
To assess whether DA-restricted leptin signaling is sufficient to ameliorate the hyperphagia and obesity observed in Lepr-deficient mice, we measured body weight and food intake in Lepr CON Fig. 2(a) ].
To determine whether the postweaning differences in body weight resulted from differences in food intake, we assessed daily food intake. 
Energy expenditure
To determine whether differences in activity level contributed to the increased postweaning body weight showed the expected increase in VO 2 during the dark "active" phase [ Fig. 3(a) ]. However, no differences in VO 2 were observed between Lepr DAT and Lepr NULL male mice, and they also failed to show the circadian change in VO 2 that was observed in Lepr CON male mice, which corroborates previous findings that intact leptin signaling is required for the regulation of peripheral circadian clocks (19) . We next investigated running wheel activity [ Fig. 3(b) ] and three different parameters of home-cage activity, including the total number of beam breaks [ Fig. 3(c) ], total movement [ Fig. 3(d) ], and active ambulation [ Fig. 3(e) ]. Interestingly, even though leptin signaling via DA neurons has been shown to suppress running reward (7), which led us to hypothesize that the increased body weight observed in Lepr DAT vs Lepr NULL male mice might be due to reduced running wheel activity, no significant differences in running wheel distance [ Fig. 3(b Fig. 1) , which is consistent with their lack of body weight phenotype.
Leptin-induced suppression of food intake
Even though Lepr DAT mice did not exhibit reduced food intake compared with Lepr NULL mice under normal conditions [ Fig. 2 (c) and 2(d)], we were interested in determining whether they showed an acute leptin-induced suppression of food intake. We therefore compared food intake in individually housed male mice after an overnight fast that were treated with either leptin (5 mg/kg) or vehicle 90 minutes before the return of food. One week later, the experiment was repeated, and mice received the alternate treatment, thus serving as their own control. A trend toward reduced food intake was observed in the Lepr CON mice in response to leptin after 1 hour [ Fig.  4(a) ], and this leptin-induced suppression of food intake became significant by the 4-hour timepoint [ Fig. 4(b) ]. Lepr DAT mice exhibited a significant leptin-induced suppression of food intake at the 1-hour timepoint, yet by the 4-hour timepoint only a trend toward leptininduced suppression of food intake persisted. As expected, Lepr NULL mice never showed a leptin response. By 24 hours, no differences in food intake were observed between leptin and vehicle treatment in any group [ Fig.  4(c) ]. However, at the 24-hour timepoint, Lepr CON mice did exhibit a significant leptin-induced suppression in feed efficiency (grams body weight gained per kcal food consumed), which is indicative of adaptive energy homeostasis, and this was not observed in the Lepr DAT or Lepr NULL mice [ Fig. 4(d) ]. To further explore adaptive energy balance in the mice, we next compared baseline "fed state" daily food intake against the 24-hour food intake after an overnight fast. Only the Lepr CON male mice exhibited an adaptive increase in 24-hour feeding in response to the overnight fast [ Fig. 4(e) ]. Data from this experiment demonstrate that Lepr DAT male mice do indeed exhibit an acute leptin-induced suppression of food intake, indicating that direct leptin-DA signaling does contribute to leptin's overall anorectic effects.
Hyperphagic feeding
To investigate whether dopamine-restricted leptin signaling attenuates binge eating, we assessed consumption of palatable HFHS food in adult male mice given 1-hour restricted access to preweighed HFHS pellets for three consecutive days [ Fig. 5(a) ]. As anticipated, mice from all groups exhibited hyperphagia and consumed nearly 50% of their total daily caloric intake during the restricted period of access to the HFHS chow, despite being in a fed state. Compared with Lepr CON mice, Lepr NULL and Lepr DAT mice exhibited significantly increased intake of palatable food under restricted access conditions. However, the Lepr DAT mice did not exhibit attenuated intake compared with Lepr NULL mice, indicating leptin-DA signaling is not sufficient to reduce the reward value of the HFHS chow during the acute 1-hour restricted period.
We next compared consumption of palatable HFHS food in male mice given ad libitum access for 1 week to determine whether differences would emerge between the Lepr NULL and Lepr DAT mice under more chronic exposure to the HFHS chow [ Fig. 5(b) ], which more closely Figure 3 . Dopamine-neuron-restricted Lepr DAT male mice exhibit reduced home-cage activity compared with Lepr NULL mice. Although no differences in (a) oxygen consumption or (b) wheel running were observed between Lepr NULL and Lepr DAT mice, Lepr DAT mice exhibited reduced home-cage activity as evidenced by reduced (c) X+Y beam breaks and (d) total movement. However, (e) no differences were observed in active ambulation, which is defined as coarse movement ($1 cm). Compared with Lepr CON mice, Lepr NULL and Lepr DAT mice (f) exhibited increased respiratory exchange ratios and (g) spent significantly more time stationary and less time running (n = 5 to 6 mice per group). Groups not identified with the same letter are significantly different (P , 0.05). Data are presented as mean 6 SEM. models a common Western dietary pattern. As expected, all mice ate more when fed the HFHS diet [ Fig. 5(b) ] compared with standard chow [ Fig. 2(c)] . Interestingly, the Lepr CON and Lepr DAT mice exhibited a significant reduction in HFHS chow intake over the course of the week, whereas Lepr NULL mice did not. It therefore appears direct leptin-DA signaling does play a role in reducing the reward value of palatable foods but has this effect only after their novelty has worn off or they are no longer scarce.
Discussion
Leptin signaling in the VTA has been shown to reduce food intake (10), presumably by acting on DA neurons to suppress motivated feeding behavior (13) . Therefore, the current study investigated whether DA-restricted Lepr expression is sufficient to ameliorate the hyperphagia and obesity observed in Lepr-deficient mice. Contrary to what we hypothesized, DA-specific "rescue" of Lepr expression in Lepr-deficient male mice mildly exacerbated their obesity rather than ameliorating it. However, it appears the increase in body weight observed in the Lepr DAT vs Lepr NULL male mice was due to differences in home-cage activity counts because no differences in food intake or running wheel activity were observed. Despite their increased body weight phenotype, the Lepr DAT male mice did exhibit an acute leptin-induced suppression of food intake as well as a reduction in their consumption of palatable HFHS chow when given ad libitum access. It therefore appears direct leptin-DA signaling contributes to leptin's anorectic effects under specific circumstances. Although some of leptin's central anorectic actions appear to be mediated through DA neurons, leptin signaling exclusively via DA neurons does not suppress feeding behavior sufficiently to have a body weightreducing effect, at least not under the experimental conditions in our study. Furthermore, when mice were given ad libitum access to standard chow diet, the presence or absence of Lepr signaling via DA neurons did not have a significant effect on daily food intake in male or female mice. This is presumably because standard chow, when given ad libitum, does not have a high reward value, and therefore leptin regulation of the DA reward system was minimally involved in the control of feeding behavior. To increase the reward value of standard chow, we fasted male mice overnight and then tested whether the presence or absence of leptin-DA signaling under this "high reward value" condition affected food intake. DA neuron-restricted leptin signaling was able to reduce feeding behavior under these conditions. We next gave male mice access to a palatable HFHS chow, which also has a high food reward value. Over 7 days of ad libitum access to the HFHS chow, male mice with DArestricted leptin signaling showed reduced food intake compared with Lepr-deficient mice. These results suggest that leptin-DA signaling sufficiently contributes to leptin's anorectic effects when food reward value is high.
It is well established that VTA DA signaling plays an important role in the regulation of motivated behaviors (20) , and although our original aim focused on the role of leptin-DA signaling in the control of feeding behavior, our data also support a role for leptin-DA signaling in the regulation of physical activity. Fulton et al. (7) demonstrated that leptin-induced pSTAT3 signaling in DA neurons suppresses running reward, and Hommel et al. (10) demonstrated that mice with viral-mediated Leprknockdown in the VTA show increased locomotor activity; both studies suggest that leptin-DA signaling reduces voluntary physical activity. Although we did not observe any differences in running behavior between Lepr-deficient mice with or without intact leptin-DA signaling, we did observe reduced home-cage activity in male mice with intact leptin-DA signaling, which corroborates previous findings. However, the difference in home-cage activity was not due to differences in ambulatory activity but rather to differences in fine movements (,1 cm), such as grooming and possibly stereotyped behaviors. It remains possible that we did not see suppressed running wheel activity in the Lepr DAT vs Lepr NULL mice because Lepr NULL mice already exhibit very low running wheel behavior, thus not leaving much room for further reduction. Nevertheless, leptin-DA signaling appears to reduce incentive behavior when it comes to physical activity.
This reduction in locomotor activity observed in the Lepr DAT male mice appears to be the underlying cause of the increased postweaning body weight phenotype observed in the Lepr DAT vs Lepr NULL male mice because we did not observe any differences in energy intake or metabolic rate (i.e., maximal oxygen consumption). The (21) , highlighting that estrogens play important roles beyond fertility and affect energy homeostasis. For example, it has been shown that striatal estrogen signaling promotes physical activity in mice (22) , such that the highest activity levels are observed in mice immediately preceding estrus and the lowest activity levels are observed immediately after estrus (23) . It is therefore possible that the absence of striatal estrogen signaling more substantially affected the activity behavior of the female Lepr NULL and Lepr DAT mice, and thus their body weight, than the presence or absence of leptin-DA signaling. In other studies where one group is hypogonadal, prepubertal ovariectomy has been used to normalize for the confounding effects of varying ovarian steroid levels (24) . It therefore remains a possibility that a body weight phenotype would have emerged between the Lepr DAT and Lepr NULL female mice had we normalized their gonadal steroid exposure. In contrast, testosterone does not affect physical activity as much as estradiol (25) , which may explain why the presence or absence of leptin-DA signaling in the male mice was able to affect their home-cage activity levels. Although we were principally interested in determining whether leptin signaling specifically via VTA DA neurons is sufficient to affect feeding behavior, our experimental model did not discriminate between leptin signaling in VTA DA neurons vs non-VTA DA neurons. We therefore cannot conclude that the effects we observed in the Lepr DAT mice are mediated exclusively via VTA DA neurons, especially considering that the population of DA neurons in the ARC was recently reported to play an important role in the regulation of feeding behavior (26) . Leptin signaling via this population could therefore theoretically contribute to the effects we observed in the Lepr DAT mice. However, we did not observe any leptin-induced pSTAT3 signaling in the ARC TH neurons of Lepr DAT mice, suggesting these neurons did not mediate any effects observed in Lepr DAT mice in this study, at least not via pSTAT3 signaling. Interestingly, fewer than 5% of ARC TH-stained neurons in Lepr CON mice were co-labeled with pSTAT3, suggesting that this population of DA neurons may not be directly targeted by leptin. Alternatively, leptin actions via ARC DA neurons might act through a different signaling mechanism, or ARC DA neurons might be indirectly targeted by leptin. For example, we have observed extensive c-fos and TH colocalization in the ARC of unfed mice treated with leptin (unpublished data), yet it was recently demonstrated that fasting induces c-fos in ARC TH neurons (26), so we cannot conclude the c-fos + TH colocalization we observed was indeed leptin induced. Nevertheless, it does not appear the ARC DA population contributed to the leptin-DA-mediated effects observed in the Lepr DAT mice.
We hypothesized that DA neuron-restricted Lepr signaling would be sufficient to ameliorate the hyperphagia and obesity of Lepr-deficient mice. Interestingly, our data both support and reject different aspects of our hypothesis. Regarding ameliorating the obesity phenotype of Lepr-deficient mice, our data reject our hypothesis and demonstrate that the converse is true, whereby "rescuing" leptin-DA signaling in Lepr-deficient mice slightly exacerbates their obesity, at least in male mice. However, our data support our hypothesis that leptin-DA signaling is sufficient to reduce feeding behavior in Lepr-deficient mice, albeit only under certain conditions, such as when food reward value is high. The role of leptin signaling via DA neurons thus appears to be multifaceted, and although we sought to determine its sufficiency in the control of feeding behavior, we show here that its role in modulating other motivated behaviors, such as voluntary activity, more significantly affects energy balance in male mice. Therefore, regarding energy homeostasis, the impact of leptin-DA signaling is not straightforward. P.O. Box 913, Dunedin 9054, New Zealand, E-mail: maggie. evans@anatomy.otago.ac.nz.
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